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Ref. [1] obtained the thermodynamic properties of liquid water
 heat capacity, compressibility, and expansivity, as a function of
temperature and pressure. The isobaric heat capacity was obtained
by the integration of Eq. (1):
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This equation is derived from the ﬁrst and second laws of thermo-
dynamics without simpliﬁcation. For integration of Eq. (1), the
dependence of the expansivity a on temperature and pressure is
necessary, which was obtained experimentally in [1], and an exper-
imental isotherm V(T0, P) is required, which was taken from [2] at
the temperature T0 = 323.16 K. In Fig. 8 of [1] (Fig. 1 in the present
paper), the difference in the heat capacity of liquid water between
its value at pressure P and that at pressure P = 0 versus pressure,
is given for different temperatures in the temperature range 0 to
40 C. One can obviously see that (oCP/oT)P > 0. However, for
temperatures below 0 C at atmospheric pressure, it is found
experimentally that (oCP/oT)P is less than zero [3,4].
In [5], the experimental dependence of the isobaric heat capac-
ity of water on pressure and temperature was given, Fig. 2. This
involves @CP
@T
 
P when t 6 0 C is less than zero until the pressure
reaches 50 MPa which contradicts the results of [1]. Let us cite
[6]: ‘‘Nearly all the data for the isobaric heat capacity for waterare based on measurements of Sirota’s group in the period from
1956 to 1970.’’
In Fig. 1, one can also see that the heat capacity decreases with
pressure, passes through a minimum at around 1.5 kbar, and then
increases regularly onward. This means that the derivative (oCP/
oP)T for pressures greater than 1.5 kbar is positive. However, for
temperatures below 0 C, the derivative (oa/oT)P is positive [1,4]
and therefore, the right-hand side of Eq. (1) is negative because
|(oa/oT)P| >> a2. Through experimentation it is found that the
thermal expansion coefﬁcient of water increases with temperature
for pressures up to about 240 MPa but decreases for pressures
greater than 240 MPa [1,7]. Therefore, the left- and right-hand
sides of Eq. (1) have different signs in the interval
150 < P < 240 MPa; this is a contradiction.
In [9], the dependence of the isobaric heat capacity of water on
pressure at temperatures 253.15 and 273.15 K was given (see
Table 1). This was determined from experimental values of the
speed of sound and Eq. (1). It decreases with pressure until
400 MPa. As the thermal expansion coefﬁcient increases with tem-
perature for pressures up to about 240 MPa but decreases for pres-
sures greater than 240 MPa [1,7], there is a contradiction to Eq. (1)
starting from P = 240 MPa. In Table 1, one can also see that in the
interval 253.15–273.15 K for pressures less or equal than 50 MPa,
@CP
@T
 
P < 0 which is in disagreement with [1].
In [7], dependences of the isobaric heat capacities of water on
pressure and temperature were obtained from the IAPWS Formula-
tion 1995 for the Thermodynamic Properties of Ordinary Water
Substance for General and Scientiﬁc Use, or IAPWS-95 for short
[6]. One can see that for them, @CP
@T
 
P
at T 6 273.15 K is less than
Fig. 1. Difference of the heat capacity of water between its value at pressure P and
that at pressure 0. Temperatures as indicated are in C. Reproduced with permission
from [1]. Copyright 1981, AIP Publishing LLC.
Fig. 2. Results of experimental CP measurements [5]. (1) Filled circles, from the
results of [8]; (2) Open circles, from the results of measurements [5]; (3) from the
IAPWS-68 equation (International Association for the Properties of Water and
Steam).
Table 1
Isobaric speciﬁc heat capacity CP, J/(kg K) of water at temperature T and pressure P [9].
P/MPa 0.1 50 100 150 200 250 300 350 400
253.15 K 4393 4025 3831 3716 3630 3553 3477 3398 3314
273.15 K 4218 4017 3889 3805 3746 3700 3661 3626 3592
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@CP
@T
 
P
> 0 which contradicts the experiment [5], as seen in
Fig. 2. The isobaric heat capacity of water also decreases with pres-
sure until the pressure reaches 400 MPa. Again, this is a contradic-
tion to Eq. (1) because as written above, the thermal expansion
coefﬁcient of water decreases with temperature for P > 240 MPa.2. Theory
This behavior of the isobaric heat capacity of supercooled water
was predicted in [10–12]. According to [10–21], for substances
with negative thermal expansion coefﬁcient, the ﬁrst law of
thermodynamics is:
dQ ¼ dU  PdV : ð2Þ
Using Eq. (2) in the derivation of Eq. (1) leads to Eq. (3):
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In [10–12], it is shown from Eq. (1) that for water where t < 0 C it
follows that (oCP/oT)P > 0; however, from Eq. (3), it follows that for
the same temperatures, (oCP/oT)P < 0, which agrees with the
experiment. Furthermore, from Eq. (3), one can see that the isobaric
heat capacity increases with pressure to within a few tenths of MPa
at t < 0 C, because a < 0 and (oa/oT)P > 0 within this interval of
pressure at these temperatures [1,7].3. Conclusions
The results of [1,5,7,9] provide solid evidence of the correctness
of the theory developed in [10–21]. However, there is one fact that
supports the previous theory; the Clausius–Clapeyron equation
describes the melting of ice with high accuracy. The Clausius–
Clapeyron equation is derived from the ﬁrst and second laws of
thermodynamics without simpliﬁcation. Now that substances with
negative compressibility have been discovered [20,21], one can
suggest that water has negative isothermal compressibility at
t < 0 C. There are papers where isothermal compressibility was
measured directly within that temperature range [22,23] and
was found to be positive. However, almost all experimental points
were for pressures greater than 100 MPa. Water possesses negative
thermal expansion for pressures less than 30 MPa for T = 270 K and
60 MPa for T = 260 K [1,7]. Further experiments within this
pressure range are necessary.
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